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1. Introduction 
Discontinuities, such as lack of penetration, lack of fusion, 
shrinkage cracks, slag inclusions, and porosity are found in many welded 
connections. The presence of such discontinuities in a connection, if 
they are of sufficient magnitude, can be expected to lower the strength 
of a connection, especially when it is subject to cyclic loading. Some 
of the current fatigue specifications 1 place limits on the degree of 
defect allowed in a weld, but do not differentiate between type of steel 
or type of defect, or relate the degree of defect to the expected behavior 
of the connection. To insure that these design specifications are 
adequate and at the same time realistic for the design of such structures 
as bridges it is necessary to better understand the manner in which weld 
flaws or discontinuities affect the fatigue behavior of welded members 
or connections. 
The principal highway bridge design and fabrication specifica-
tions 1 ,2 are based on limited amounts of data on mild steel connections 
with defects. Some of these fatigue tests on welds with· defects are 
reported in the literature;3,4,5 however, they have not been of sufficient 
scope or number to permit a quantitative evaluation of the effect of 
the defects. 
An earlier portion of this program was concerned with the 
predictions of the fatigue life of a connection fabricated with a lack 
of penetration. 6 By using photoelastic models of the flaws to determine 
the associated stress fields at the tips of the flaws, a correlation was 
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obtained between the fatigue life, the flaw shape, and the material 
properties. However, a much more complete evaluation and many more actual 
test results are necessary to properly evaluate the energy criteria pro-
posed in the study. Furthermore, a better definition of the effect of 
weld quality with respect to material properties would aid in establishing 
better and more realistic specification requirements for weld quality_ 
Two other important aspects of fatigue behavior of welded con-
nections that should be taken into account, in the development of design 
specifications are the initiation and the propagation of fatigue cracks 
from weld flaws. Information relating flaw or crack size and the applied 
stresses to these two parameters would be most helpful in establishing 
inspection and repair requirements and procedures. There are a number 
of recent reports concerned with the question of crack propagation in 
steels, but relatively little information on their relationship to welds 
and weld flaws. Part of the study reported herein has been conducted, 
therefore, to assist in providing some of the required data discussed 
above. 
2. Object and Scope of Investigation 
The present study examines the effects of internal flaws on 
the fatigue behavior of butt-welded connections in a mild structural 
steel, the initiation of fatigue cracks from the flaws, and the rate of 
propagation of these cracks. 
Results of these tests and other tests reported in the litera-
ture are compared to indicate the effect the internal flaws had on 
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the fatigue behavior of the connections. However, the study has been 
limited to two major types of defects, porosity in varying degrees, and 
incomplete penetration. 
Prior to fabrication of the test specimens a study was conducted 
to establish welding procedures that would consistently produce the 
desired flaws in the welds. Procedures were required that would make 
it possible to control the size and distribution of the flaws from one 
specimen to the next and thus permit the preparation of test specimens 
of a given weld quality. 
In addition to the evaluation of the fatigue resistance of 
weldments with flaws, data has been gathered in some of the tests to 
determine the rate of fatigue crack propagation from the flaws. To 
study crack propagation the specimens were radiographed periodically 
during the tests and the time of fatigue crack initiation and rate of 
crack propagation determined by observing and measuring the flaw size 
on the radiographs. 
The defects that were studied were intended to simulate those 
that might exist in actual structures. It is hoped,therefore, that 
the observations made during these tests might make possible the establish-
ment of better and more realistic inspection and design requirements. 
A detailed description of the investigation is given in the 
following sections. A summary of the materials and specimens is pre-
sented in Sections 3, a description of the testing equipment is given 
in section 4, and a discussion of the fatigue behavior study and crack 
propagation study are presented in sections 5 and 6, while a detailed 
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discussion of the preliminary welding procedure study fs presented in 
Appendix A. 
3. Description of Materials and Specimens 
3.1 Materials 
The fatigue specimens were fabricated from a steel conforming 
to ASTM Specification A36. The physical properties and chemical com-
position of the steel, as given in the mill report, are as follows: 
1. Physical Properties 
Yield Pt. 41,100 psi, Ult. Tensile Strength 70,900 psi, 
Elongation 27% (in 8 in.) 
2. Chemical Composition 
, . 
C = 0.23%; Mn = 0.9%; P = 0.015%; S = 0.030% 
The welding electrode used was a 1/16 11 ¢ wire equivalent to E70 
grade electrodes with a minimum ultimate tensile strength of 70,000 psi 
(AWS Spec. A5.1-58T and AST~1 Spec. A233-58T). The typi·cal chemical 
composition of the weld metal as given by the manufacturer 1.s as follows: 
3. Chemical Composition 
C = 0.09%; Mn = 1 .00%; P = 0.017%; S = 0.024% 
Si = 0.45% 
The steel plate used for the test specimens was 3/4-1n. thick. 
A 36-1n. long groove weld was prepared in the plate and the individual 
specimens were then cut from the we1dment and machined to a test section 
width of 1-1/2in.(see Fig. 3.1). The 3/4 x 1-1/2 in. cross-sect·ion 
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dimensions were chosen mainly for purposes of radiography. To examine 
crack propagation rates in some of the specimens radiographs had to be 
taken through the width of the specimen(along the crack). Radiography 
through large thicknesses of material becomes more difficult 
and time consuming so the specimen width was limited to the 1-1/2 in. 
dimension. Limiting the dimensions to 3/4 in. x 1-1/2 in. also decreased 
the loads necessary for testing to such a level that the University·s 
50,000 lb capacity fatigue testing machines could be used. These machines 
operate at a speed of 300 cycles per minute and reduce to a minimum 
the amount of time necessary for testing. 
3.2 Welding Procedure 
Specimens were made with 
1. Sound welds 
2. Porosity equivalent approximately to the limit 
permitted by the AWS Specifications for weldments 
containing defects 
3. Severe clusters of porosity in the weldment 
4. Welds containing a lack of penetration of 
approximately 3/16 in. 
Figures 3.2(a) and (b) are prints of radiographs of specimens showing the 
two degrees of porosity studied. 
Since the principal variable to be examined was the effect of 
the weld flaws, it was necessary to reduce to a minimum other variables 
that might enter into the testing and affect the results. To achieve 
this condition automatic gas-metal arc welding was used to eliminate 
the human element from the welding. Prior to actually welding the specimens 
a preliminary study of welding procedures was conducted to determine 
the parameters that would produce sound welds and the changes' in these 
parameters that would produce the desired defects. In addition, the 
welding procedure for the sound welds was qualified in accordance with 
the requirements of the AWS Specifications. 1 The qualification testing 
consisted of two reduced section tension tests, two root bend tests, and 
two face bend tests. After satisfactory qualification of the procedure, 
the various welding parameters, such as vol~age, current, type of shielding 
gas, shielding gas flow, etc., were changed to obtain the desired defects. 
A detailed description of the parameter changes tried and their effect 
on the welds appears in Appendix A. The following is a summary of the 
welding procedures that gave reproducable defects and were used in 
fabricating the test specim~ns. 
1. Sound Weld Specimens Sl-l to Sl-5 
V-Groove (Figure 3.3a) 
1st Pass--28V., 320 AMPS., TRAVEL SPEED 12 I.P.M. 
2nd Pass--28V., 330 AMPS., TRAVEL SPEED 12I.P.M. 
3rd-6th Pass--28V., 320 AMPS., TRAVEL SPEED 12 I.P.M. 
Shielding gas was 95% Argon--5% oxygen mixture, at 
a flow rate of 50 CFH. 
First pass was back ground. 
Oscillator was used for all passes. 
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2. Porosity--AWS Specification Allowable Specimens PC4-1 to PC4-4 
V-Groove (Figure 3.3a) 
1st Pass--2BV., 320 AMPS., TRAVEL SPEED 12 I.P.M. 
2nd Pass--25V. 3 330 AMPS., TRAVEL SPEED 12 I.P.M. (Voltage reduced to produce porosity)* 
3 rd -6 th Pas s - - 2 BV ., 320 AM P S., T RAV E L S PEE D 1 2 I. P .t,1. 
Shielding gas was 95% Argon--5% oxygen mixture, at 
a flow rate of 50 CFH. 
First pass was back ground. 
Oscillator was used in all passes. 
3. Porosity--Severe Specimens PS5-1 to PS5-5 
V-Groove (Figure 3.3a) 
1st Pass--28V., 320 AMPS., TRAVEL SPEED 12 I.P.M. 
2nd Pass--28V., 330 AMPS., TRAVEL SPEED 12 I.P.M. 
(To introduce pore clusters, the gas flow 
was interrupted for periods of one second 
at the desired location of defects.)* . 
3rd -6th Pass--28V., 320 AMPS., TRAVEL SPEED 12 I.P.M. 
Shielding gas was 95% Argon--5% oxygen mixture, at 
a flow rate of 50 CFH. 
First pass was back ground. 
Oscillator was used in all passes. 
4. Lack of Penetration--3/16-in.--Type I Specimens LPl-2-1 to LPl-2-5 
U-Groove (Figure 3.3b) 
1st and 2nd Pass--28V., 300 AMPS.) TRAVEL SPEED 12 I.P.M. 
3rd-6th Pass--28V., 300 AMPS., TRAVEL SPEED 12 I.P.M. 
Shielding gas was 95% Argon--5% oxygen mixture, at a 
flow rate of 50 CFH. 
Oscillator was used in all passes. 
5. Sound Weld Specimens L~2-3-1 to LP2-3-5 
* 
U-Groove (Figure 3.3c) 
1st and 2nd Pass--28V., 300-320 AMPS., TRAVEL SPEED 12 I.P.M. 
3rd-6th Pass--28V., 310 AMPS., TRAVEL SPEED 10 I.P.M. 
Shielding gas was 95% Argon--5% oxygen mixture, at a 
flow rate of 50 CFH. 
Oscillator was used in all passes. 
The porosity was placed in the second weld pass to locate the 
defects at approximately midthickness of the specimen. 
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6. Lack of Penetration--3/16-in.--Type I Specimens LP2-6-6 to LP2-6-10 
U-Groove (Figure 3.3b) 
1st and 2nd Pass--28V., 270-310 AMPS., TRAVEL SPEED 12 I.P.M. 
3rd-6th Pass--28V., 290-310 AMPS., TRAVEL SPEED 10 I.P.M. 
Shielding gas was 95% Argon--5% oxygen, at a flow rate 
of 50 CFH.· 
Oscillator used in all passes. 
The oscillator referred to in these procedures is a device that 
was attached to the welding carriage· and caused the arc to move from side to 
side across the groove. Its purpose was to give a flatter weld bead, better 
fusion with the side of the groove, and to prevent the arc from burning too 
deeply into the base metal at the center of the groove. The preheat and 
interpass temperatures for all of the welding was 150 0 F. 
Originally a series of test specimens containing a lack of 
penetration of 1/16-in. was planned but, in welding the specimens, com-
plete penetration was obtained. These specimens were welded with pro-
cedure listed as number 5 but were tested as sound welded joints since the 
penetration was complete and no defects were visible. The procedure was 
then modified as noted in procedure 6 and another set of spe~imens was 
welded. This time the lack of penetration was found to be approximately 
3/l6-in. so the specimens were grouped with the lack of penetration type-I 
specimens. 
3.3 Specimen Fabrication 
The steel was cut into pieces 36-in. long by l6-in. wide as 
shown in Figure 3.4. These pieces were then grooved in accordance with 
the dimensions given in Figure 3.3. 
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The saw-cut edges of the plates for the V-grooves were milled 
to the dimensions in Figure 3.3. However, the specimens with the U-groove 
(for the lack of penetration) were designed to have a zero root gap. Con-
sequently, the two edges to be welded were machined smooth, the two plates 
were butted together and then tack welded to hold the pieces in position. 
The groove was then machined in accordance with Figure 3.3. 
Six weld passes were used to weld the plates with alternate 
passes being placed on opposite sides of the plate as shown in Figure 3.5 
and in a direction opposite that of the previous pass. The first weld 
pass in the V-groove specimens was background to sound weld metal to 
insure adequate penetration of the second pass along the entire length 
of the weld. 
After the plates had been welded they were radiographed to 
determine what defects if any were present in the weld and where they 
were located. The specimens with the desired degree of porosity were 
positioned from these radiographs and then cut as shown in Figure 3.6~ 
The lack of penetration was not visible on the radiographs 
but, even if it had been, it would have been impossible to"measure its 
depth from the radiograph. As a result, the 36-in. long plates with 
incomplete penetration were cut into five pieces of equal width which 
were then machined as shown in Figure 3.7. One piece adjacent to the 
fatigue specimen was bent to open up the £rack (lack of penetration) 
and another piece was polished and etched to show the weld and lack of 
penetration. The approximate size of flaw was determined by measuring 
the opened crack of the bend specimen or the unpenetrated section of 
the base metal on the polished and etched specimen (see Figure 3.8). 
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Prior to fatigue testing the weld reinforcement was removed and 
the surfaces of the specimens in the test section were polished with a 
belt sander. The purpose of the polishing was to remove any additional 
stress raisers that might result from milling marks or scratches and cause 
the specimen to fail at a location other than the intended defect (see 
Figure 3.9). 
4. Description of Testing Equipment 
4.1 Fatigue Testing Machines 
The fatigue machines used for the tests reported herein were 
the University of Illinois· 50,000 lb capacity lever type fatigue testing 
machines. A photograph and schematic diagram of the machines is shown 
in Figure 4.1. These machines operate at a frequency of approximately 
300 load cycles per minute. 
The load was measured by means of proving-ring type dynamo-
meters in three of the four machines while in the fourth it was measured 
using a strain-gage weighbar. The dynamometers and the weighbar were 
wired with electrical resistance strain gages. By reading the strains 
from strain indicators and knowing the calibration constants for the 
fatigue machines the load on the specimens could be determined. Prior 
to the initiation of testing, each of the machines was recalibrated. 
In addition to load measurement by means of the strain gage system, the 
load on the specimens in the three machines with the dynamometers was 
checked by using dial gages to measure the deformation of the qynamometer. 
Figure 4.2 shows the various devices for load indication. 
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4.2 Radiographic Equipment 
Two groups of radiographs were obtained in the investigation. 
During the fabrication of the test specimens radiographs were obtained 
using a 300 KV-6MA X-ray unit and standard x-ray inspection techniques 
and procedures to obtain an indication and record of the initial quality 
of the welds in the specimens. These records were used also to select 
the positions at which the individual test specimens were to be located. 
The second group of radiographs to be taken were those used 
to determine the time of crack initiation and the rate of crack propa-
gation in the fatigue tests. These radiographs were taken with a 
200 KV-5MA X-ray unit. Figure 4.3 shows the unit as it was set to 
radiograph specimens in the fatigue machines. The crack propagation 
radiographs were taken when the test specimens were under maximum 
tensile loading. 
5. Description of Fatigue Tests and Analysis of Results 
5.1 Description of Tests 
The fatigue test program consisted of testing the four types 
of specimens described in section 3 under cyclic loading. The values 
of stress applied to the specimens were varied to yield fatigue lives 
that were of both long and short duration so that S-N curves could be 
determined. Table 5.1 is a summary listing of the tests that were 
conducted in the program. It presents the type of defects tested, the 
expected life range of the specimens and the number of specimens tested 
in each category. 
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The first series of ten specimens contained sound welds so 
that there would be a basis for comparison between the fatigue behavior 
of sound welds and welds containing flaws. 
The second series of four specimens contained welds in which 
small amounts of porosity had been deposited. The amount of porosity in 
the weld was approximately that allowed by the AWS Specifications for 
railway and highway bridge design. 1 These specifications limit the 
size of defect in the weld, the spacing between the defects and sum of 
the defect dimensions in a specified length of weld. The four specimens 
fabri ca ted for the II AWS-a 11 owab 1 e II series of tests were intended to show the 
behavior of connections designed and fabricated in compliance with present 
specifications. 
Another series of five tests was conducted on specimens con-
taining large clusters of porosity centrally located in the weld. This 
type of defect could occur in a weld produced by the gas-shielded metal 
arc welding process if the gas flow was momentarily interrupted, and is 
precisely the manner in which the defect was produced for the test 
specimens. For a given structure, unless the specified inspection pro-
cedure calls for checking of the entire length of a weld, such defects 
could go undetected and uncorrected. Thus, this third series of tests 
makes possible a comparison of the fatigue behavior of connections with 
this severe defect and connections that are within the AWS specification 
requirements. 
Finally, a series of ten specimens containing a lack of 
penetration at midthickness was tested. The placing of a lack of 
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penetration in the weld is similar to placing a small crack at mid-
thickness of the specimen through the full width of the specimen. The 
depth of the lack of penetration (the dimension in the thickness direc-
tion) was approximately 3/16-in. in all specimens tested. 
It is extremely difficult to detect the lack of penetration by 
nondestructive testing because the crack is closed tightly as a result of 
the weld shrinkage. Attemp~s to locate and measure the crack, both radio-
graphically and with ultrasonic equipment, were unsuccessful. Consequently, 
the defect size prior to testing was determined by examining the pieces 
cut from the sides of the fatigue test specimen as described in Section 3. 
Because of the difficulty encountered in measuring nondestructively the 
lack of penetration, it is conceivable that this type of defect could 
easily go undetected under normal inspection procedures. 
In order to obtain information regarding the effects of the 
defects on the fatigue behavior of the connections it was necessary to 
have all failures initiate at the defects, and to eliminate any effects 
of the joint surface on this behavior. This required that all of 
the welds have the reinforcement machined off and the surfaces polished. 
To obtain test results for both long and short lives, variations 
~ 
were introduced in the stresses and stress ratios used in the tests. These 
variations were necessitated also by the desire to obtain short lives with the 
sound welded connections without exceeding the yield pOint of the 
steel. To do this with a minimum number of variables it was decided 
to test all specimens at a maximum gross area stress of 36 ksi (somewhat 
below the base metal yield point of 41.1 ksi) and to vary the 'stress 
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range and stress ratio to obtain the short and long life tests. In 
spite of this limitation on maximum stress it appeared that yielding 
did occur in the weld metal of some of the specimens containing large 
defects. In the early stages of testing the load on some specimens had to 
be reset frequently to keep the m~xi~um stress up to 36 ksi, although the 
yield strength of the weld metal was determined to be approximately 52 ksi. 
Thus, the net section stresses on some of the specimens, because of the 
flaw size, must have been slightly in excess of 52 ksi. 
After the specimens were placed in the fatigue machines and 
the fatigue loads properly adjusted, the members were radiographed 
prior to the start of the fatigue tests. In the case of the lack of 
penetration specimens the radiographs were taken with the maximum load 
applied to the specimen in an effort to open the flaw to a maximum 
for the radiograph. Generally, this flaw type was not visible on the 
initial The specimens with all other defect types were 
radiographed under zero load. These radiographs provided a record of 
the initial condi~ion of the connection and a basis on which to relate 
the weld quality to the design specifications. 
After the specimens hiad been radi ographed the machi nes were 
started and the tests run to specimen failure or until it was decided 
they would not fail under the stress cycle at which they were being 
tested. Periodically during the tests the machines were stopped so 
that the load could be checked and reset if necessary, and to radiograph 
specimens being used to study crack propagation. 
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Failure of the specimen was taken as the number of cycles at 
which the crack had progressed sufficiently to trip a limit switch attached 
to the pull heads of the machine, thereby shutting the machine off. At 
this point the specimen would no longer carry the initial load and the 
number of additional cycles to complete rupture was insignificant with 
respect to the total life. 
5.2 Results of Fatigue Tests 
The data from the fatigue tests are presented in Table 5.2 
and summarized in Table 5.3. Figures 5.1 to 5.5 are graphical repre-
sentations of the data in terms of S-N curves and make possible compari-
son of the effects of the various defects. The fatigue strength at 
100,000 cycles and 2,000,000 cycles was computed using a least squares 
best fit. Limits of two standard deviations are also presented on the 
S-N curves. 
A summary comparison of the fatigue test results of the 
different types of defects studied in this program is presented in 
Figure 5.5. In this comparison, as well as the presentation of Figure 
5.1, the data from welds with porosity within the limits of the AWS 
specificationl requirements have been combined with the data from sound 
welds. It is evident, particularily in Figure 5.5, that the fatigue 
resistance of the connections was markedly affected by the severe internal 
weld flaws. 
Comparisons are possible also with data reported in the 
literature for similar tests. 3 ,4 Figures 5.6 and 5.7 show how the test 
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results of the present study compare to others found in the literature. 
Here again it is evident that the weld flaws can have a significant 
effect on the fatigue resistance of the members. 
A further comparison of the fatigue data can be made with the 
allowable stress provisions of th~ design specifications. Such a compari-
son is made in Figure 5.8 which is a modified Goodman diagram showing 
how the test results relate to the requirements of the 1971 AASHO 
design specifications. 2 
5.3 Discussion and Analysis of Test Results 
The specimens listed in Table 5.2 marked with (+) are those 
which had not failed at the lives and stresses given in the table. They 
were allowed to run for between 5 to 10 million cycles at which point 
the ~tress was increased and the specimens then run to failu~e. For 
the purposes of computing and plotting the S-N curves the lives of 
those specimen which had not failed were taken as2 million cycles. 
The data obtained in the retest of these s~ecimens were not used to 
establish the S-N curves because the fatigue resistance may have been 
affected by the earlier loading history. However, the data from these 
specimens have been plotted on the curves (Figures 5.1, 5.2, and 5.3). 
In the case of specimens Sl-lB and Sl-3A, the understressing does not 
appear to have affected the fatigue resistance of the members. However, 
the fatigue resistante of specim~nLP2-6-9A appears to have been improved 
considerably by tne understressing. 
The specimens fabricated with sound welds were machined'and 
polished to remove the surface stress raisers. As a result their fatigue 
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resistance was relatively high. In addition, a relatively small scatter 
band, as shown in Figure 5.1, was obtained. However, this is misleading 
because the S-N curve for this type of member is extremely flat and the 
variation in life at a given stress can be relatively large. An examina-
tion of the data in Table 5.2 indicates just how large this range in 
lives is. Specimens Sl-3 and LP2-3-4 were both subjected to a stress 
range of 40 ksi, and had lives of 10,953,000 cycles (without failure) 
and 275,700 cycles, respectively. Nevertheless, these data and the 
associated S-N curve provide a good basis for determining the effects of 
various defects on the fatigue resistance of the connections. 
Relatively little conclusive information was obtained from the 
connections with porosity within the requirements of the AWS Specifica-
tion 1 because two of the specimens (those tested at the higher stress 
ranges) broke outside of the weld and a third specimen ran for 5,353,800 
cycles. Nevertheless, the data ha-ve been plotted in Ffgure 5.1 along 
with the data for sound welds. Based on these plots, the following 
observations can be made: 
1. At high stress levels or in the short life region, 
the small amounts of defects permitted by the Speci-
fication did not appear to affect the fatigue 
resistance of the members to any great extent. 
2. The data points do not fall very far from the two 
standard deviation limits established for the 
sound welds and can prob~bly be considered to be 
a part of the same population as the sound welds. 
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3. At the longer lives, specimens that failed at 
about 1.5 million and 5.3 million cycles, the 
data indicate that the fatigue strength was 
only slightly lower than that of the sound welds 
due to the presence of the defects. 
4. Thus, the fatigue behavior of the connections 
with porosity within the limitations of the 
current AHS Specifications l appears to be very 
similar to that of sound welds. 
The slope of the S-N curve for the welds with severe clusters 
of porosity (Figure 5.2) is greater than that for the sound welds and 
the fatigue strengths at both 100,000 cycles and 2,000,000 cycles are 
considerably lower. The difference in slope and fatigue strength can 
readily be observed in Figure 5.5 and on the modified Goodman diagrams 
of Figure 5.8. Since the defects were of considerable size and generally 
very irregular in shape two factors were introduced which could have 
reduced the fatigue lives of the specimens at any given stress range. 
The first is the irregular shape acting as a notch or stress 'concen-
tration and the second is the reduction in the cross-sectional area. 
A combination of these two effects probably contributed to the greatly 
reduced fatigue resistance of the connections. 
The fatigue strengths of the connections with incomplete pene-
tration were even lower than the fatigue strengths of connections con-
taining severe porosity; the slope of the S-N curveis steeper and the 
amount of scatter in the data is greater (see Figure 5.3). 
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Even when examined as a function of net-section stress the 
fatigue resistance of the connections with a lack of penetration was 
not as great as that of the connections with severe porosity; the lack 
of penetration apparently produces a weld with extremely poor fatigue 
strength. 
The data obtained from the present study agrees reasonably 
well with similar data found in the literature 3 ,4 (see Figures 5.6 and 
5.7). Similar trends are evident in the data from all series of 
specimens containing porosity. The data of the current investigation 
for sound welds and connections with porosity no greater than that 
permitted by the AWS Specifications 1 agree very well with' the curve 
established by tests reported for connections with small amounts of 
porosity. However, the fatigue strength of the connections of the 
current investigation with severe porosity differed somewhat from that 
found in the literature for similar connections, but the general 
pattern of behavior has been similar. This may be due in part to 
differences in terminology. The definition of "degree of porosity" 
is vague for some of the data and may be the cause for the· shifting of 
the curves in Figure 5.6. 
The lack of penetration examined in the present program was more 
severe than that reported in the literature for other investigations, 
however, its fatigue behavior follows the same general pattern as 
that obtained from connections with lesser amounts of lack of penetration. 
Thus, as shown in Figure 5.7, the· reduction in the fatigue resistance 
of a member with a lack of penetration increases with the severity of 
the stress concentrator and also with the life of the members. 
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All of the data presented herein for various defects tends 
to converge at the shorter lives (about 30,000 cycles) while at longer 
lives the effect of the defects increases with an increase in life. 
As mentioned previously, there is quite a bit of scatter in 
the test data. However, the data that were obtained present a general 
picture of the behavior of defective welds and the following observa-
tions relating their fatigue behavior to present specifications can 
be made. 
If the specimens behave as shown by the dotted lines in 
Figure 5.8 (fatigue resistance is assumed to be a function only of 
the 'range of stress--for these members the assumption is believed to 
be relatively, good), the only defect that would cause serious concern 
if in a connection designed for 2,000,000 cycles according to the 
AASHO 1971 Specifications 2 would be those with large amounts of lack 
of penetration. Taking F2,000,000 as an example, the AASHO Specifica-
tion allows a range of 18 ksi with a 20 ksi maximum for a sound butt 
weld prepared in'the general manner in which the specimens of this 
investigation were prepared. In the test results of this study the 
on ly type of defect that has a F 2,000,000 stress range (aver'age fati gue 
strength) less than 18 ksi is the lack of penetration with a stress 
range of 14 ksi. Even the specimens with severe porosity had an 
average stress range of approximately 25 ksi at 2,000,000 cycles. 
The specimens with sound welds had a fatigue strength at 2,000,000 
cycles of approximately 39.9 ksi. (This is somewhat higher than most 
data reported in the literature for connections with the reinforcement 
removed. The reason for this is not known.) 
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A summary of the fatigue strength of the various types of con-
nections and the ratio of these values to the allowable stress ranges of 
the current AASHO Specifications2 are given below. 
FATIGUE STRENGTHS OF CONNECTIONS (Stress Range) 
~~e 1 d F1OO,000 Ratio to * FSOO,OOO Ratio to F Ratio to Soundness Allowable Allowable* 2,000,000 Allowable* 
Stress Stress Stress 
ksi Range ksi Range ksi Range 
Sound 47.5 1 .05 43.2 1 .57 39.9 2.22 
Welds 
Severe 42.3 0.94 32.0 1 . 16 25.2 1 .40 
Porosity 
Lack of 30.4 0.68 20.1 0.73 14. 1 0.78 
Penetration 
* Allowable stress range in 1971 AASHO Specification for sound butt welds 
ground flush (45, 27.5 and 18 ksi respectively), but not to exceed +20 
ksi. The +20 ksi limit is neglected in determining the above ratios. 
Here it may be seen that there is a great lack of consistency in the factor 
of safety provided by the current specifications, and a very low factor of 
safety at the shorter lives or when severe porosity or a lack of penetra-
tion exists in the connections. It should be borne in mind that the 
factors of safety shown above are fictitious in that the maximum tensile 
stress cannot exceed 20 ksi. However, the ratios do give a good indica-
tion of the lack of correlation between these test data and the design 
relationships given in the current Specification. 2 
22 
6. Description of Crack Propagation Study and Analysis of Results 
6.1 Introduction to Crack Propagation 
The fatigue life of a specimen may be considered to consist of 
two major stages; the first stage' is crack initiation or the time spent 
in nucleation, and the second stage is that of crack propagation. This 
latter stage consists of macrocrack growth and final fracture of the 
specimen. 
Studies have recently been conducted by a number of investi-
gators to determine what portion of the fatigue life of a specimen is 
spent in the crack propagation stage and to correlate the results of the 
experimental studies with a fracture mechanics analysis. 10 - 17 However, 
most of these studies have been conducted on high-strength steels and 
aluminum alloys. Although the results for the material considered to 
date appear to be fairly consistent, it is desirable to study also the 
behavior of mild steel weld metal and to compare these results with the 
results from the other materials. 
6.2 Fracture Mechanics 
A fracture mechanics analysis considers the maximum stress or 
stress intensity that is experienced in the material adjacent to the 
defect or crack tip. In cyclic loading both the minimum value and the 
maximum value of stress intensity are important, and in the crack 
propagation relationships the range of stress intensity is used. In 
general it has been found that the rate of crack growth can be computed 
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using the following expression: 
da n dN = C(i1K) (1 ) 
where: 
da 
= dN rate of crack gr.owth" per cycle 
C = material constant 
n = material constant 
(i1K) = range of stress intensity factor 
Constants C and n depend on the material properties, while (i1K) is a 
function of the instantaneous crack dimension and the range of the applied 
stress. 
In a study conducted by Barsom, Imhof, and Rolfe 15 fatigue 
crack prop~"gati on ina number of hi gh strength s tee 1 s was exam; ned. They 
found that a conservative estimate of the crack propagation rate could 
be determined using the following expression: 
All of the data from their tests fell withiri a band determ.ined from 
da = C(i1K)2.25 dN 
where the value of C ranged from 0.275 x 10-8 to 0.66 x 10-B. The 
(2) 
values of C and n were determined empirically to fit the experimental data. 
For a through crack in a finite plate, as found in the lack" 
of penetration models studied by Radziminski and Lawrence,lO the 
following expression was suggested for computing ~K: 
'ITa 1/2 ~K = a!ITa (sec 2b) 
o :s a :5 O.Bb 
(3) 
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where: 
a = one-half the crack width 
b = one-half the plate thickness 
cr = the maximum stress for azero-to-tension 
stress range 
InJ. D. Harrison's study13 L'lK was determined from the expression: 
2b 1/2 L'lK = L'lcrlTra (7ta tan ~~) ( 4) 
where the variables are all as defined previously. The value of L'lK 
from this ~xpression is only slightly different f~om that obtained from 
expression (3), giving results that are slightly less conservative. 
6.3 Crack Propagation Studies 
The values for L'lK computed herein are for a crack at mid-
thickness and running continuously for the full width of the specimen, 
as shown in Figure 6.1. For cracks or defects located eccentrically to 
the centerline of the specimen, the stress ,intensity range at the 
point nearest the edge or surface of the member will be. greater than 
if computed for the crack at the centerline and the crack will propa-
,gate at a higher rate than computed. Therefore, for an eccentric 
notch, the half specimen thickness, ~, should be taken as the distance 
from the center of the defect to the nearest surface of the specimen. 
The values of C and n are somewhat sensitive. to the test 
environment. The values represented herein are for a room temperature 
air environment. Knowing values for C and n for the material used and 
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the environmental conditions along with the defect or initial crack size 
and the material thickness, the number of cycles to failure can be com-
puted using a numerical integration procedure with Formula 1. 
Part of the present study was concerned with determining whether 
the expressions and constants for predicting the crack propagation life for 
high strength steels could also be applied to mild steel weld metal and if 
not, what changes would be necessary to provide the appropriate expres-
sion. Three of the fatigue test specimens containing the continuous lack 
of penetration were examined for crack propagation rates. The severe 
defect with a large stress range caused short fatigue lives, major 
portions of which were probably spent in propagation of the crack. 
Prior to starting a test each specimen was radiographed 
perpendicular to the short dimension of the specimen to show the thickness 
of the specimen and the depth of the crack. The radiographs were taken 
with the specimen under full load to open the crack up as wide as 
possible. On this initial radiograph the crack was barely visible, if 
at all, because the plates were pulled tightly together by the weld. 
The initial defect size was measured from the bend specimeris prior to 
testing and checked on the fracture surface after failure (see Table 
6.1). Thus, upon examination of the radiographs, an approximate measure 
of the time of initiation and rate of crack propagation could be deter-
mined. 
All of the crack propagation specimens were run in the latter 
stages of the fatigue testing program so that the S-N curve established 
in the earlier tests could be used as a guide in selecting the intervals 
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between radiographs. The lengths of the intervals between the radio-
graphs and the lengths of the cracks measured on the radiographs are 
shown in Tables 6.2 to 6.4. 
With the radiographic record of the crack size at various stages 
of the fatigue life of the specimen, the actual rate of crack growth could 
be determined. The crack was measured from the radiograph with an 
accuracy of approximately 0.01 inches. Due to the difficulty in 
accurately measuring the actual crack size, curves are drawn to approxi-
mately fit the crack propagation data in Figures 6.2 to 6.4 inclusive. 
Since it is difficult to measure small amounts of crack growth on the 
radiographs it is difficult also to pinpoint the time of crack initia-
tion accurately. 
6.4 Analysis of Crack Propagation Data 
Using Eq. 1 with n = 2.25 and C = 0.275 x 10-8 or 
0.66 x 10-8 to estimate the propagation lives for the specimens was 
not satisfactory. The computed values were not in very good agreement 
with the observed measurements of crack growth rate. The predicted 
growth rates from Eq. 1 were much shorter than the actual propagation 
rates. Therefore, it was necessary to determine a new set of constants 
for the material being used in the present study. 
The values of C and n were determined from the plot of log 
(~K) vs. log (dajdN) for the various specimens. Values of ~K at 
different crack dimensions and the corresponding slope of the a vs. N 
curves were determined for each of the three specimens so that a plot 
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of log (6K) vs. log (dajdN) could be obtainedi The values of ~K were 
computed using Eq. 3 and the corresponding slopes were computed as 6aj~N 
for small increments of a. The resulting log (6K) vs. log (dajdN) curve 
is presented in Figure 6.5. The value of n corresponds to the slope of 
the log (6K) vs. log (dajdN) curve, while C corresponds to the value of 
dajdN at ~K = 1.0. The best fit ~urve for the computed values of ~K 
and dajdN was found using a least squares curve fitting procedure and 
is shown in Figure 6.5 with a two standard deviation band. The values 
of the constants C and n were then determined from the best fit curve 
and the two standard deviation bounds. The following expression for 
the rate of crack propagation resulted: 
where 
0.134 x 10-13 ::; C ~ 0.501 x 10-13 
and ~K is computed using Eq. 3. 
The number of cycles of propagation to various crack sizes 
was computed by integrating Eq. 5 with C = 0.134 x 10-13 and 
(5) 
C = 0.501 x 10-13 , the bounds of two standard deviations, and C = 0.269 x 10-13 
the best fit curve, using Simpson's rule for numerical integration~ 
These three curves are drawn for each of the three specimens included in 
the crack propagation studies (Figures 6.6, 6.7, and 6.8). The measured 
data from these specimens (from the radiographs) are shown on the figures 
also. The data for specimen LPl-2-5 is best represented by the curves 
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with C = 0.501 x 10-13 and C = 0.269 x 10-13 , while specimens LPl-2-1 and 
-13 LPl-2-4 are best represented by the curves with C = 0.269 x 10 and 
C = 0.134 x 10-13 . 
Differences in the notch tip geometry or error in the crack 
measurement (an increase of 0.025 in. in original crack length would be 
sufficient) could easily account for the difference in crack propagation 
in specimen LPl-2-5 and the other specimens. If the initial range in . 
stress intensity at the notch tip was greater for specimen LPl-2-5 than 
for the other specimens, the crack would initially propagate more qu~ckly . 
Furthermore, since the initial size of. the crack also affects the magnitude 
of the stress intensity, it too will affect the computed rate of crack 
propagation. Thus, both factors noted above could readily account for 
the lack of correlation in Figures 6.6 to 6.8. 
If initiation of the fatigue cracks occurred as indicated in 
Figures 6.6, 6.7, and 6.8, a large portion of the specimen fatigue lives 
was spent in propagation of the cracks (see Table 6.5). More time was 
probably spent in propagation than was estimated from the measurements on 
the radiographs. However, this was not unexpected since, as .~xplained 
earlier, the initi~tion point was difficult to determine. 
A conservative estimate of the propagation life of the welded 
specimens (considered by some to be essentially the ·total fatigue life 
since such a large portion of the life is spent in propagation) can be 
obtained from the following equation. 
(6) 
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where bK is given by Eq. 3. However there are a number of limitations on 
this expression so it should be used with caution. As pointed out pre-
viously, the values of nand C are sensitive to the environment so the 
expression is valid only for specimens tested in a room temperature air 
environment. The expression was developed for specimens loaded only from 
O-to-tension and for a through crack in a finite plate. Various other 
formulas for computing ~K are available in the literature10 ,13 for other 
kinds of defects. 
7. Summary and Conclusions 
Much research has been conducted during the last 40 years or 
so on the fatigue behavior of welded connections, but only a small portion 
of the research has centered on the behavior of welds containing internal 
flaws. The purpose of this investigation was to conduct a study to gain 
a better understanding of the fatigue beh~vior of welds in mild steel 
containing defects. Since an important aspect of the fatigue behavior 
is the amount of time ~pent in initiation and in propagation of fatigue 
cracks starting from the defects, some of the fatigue test'specimenswere 
examined to determine a relationship to predict the crack propagation life 
of the specimens. 
The types of defects that were investigated were two degrees 
of porosity and incomplete penetration. The degree of defect was related 
,to the AWS Specifications 1 for bridge design. A more detailed description 
of these defects is given in section 3 and Figures 3.2 and 3.8. The 
S-N curves are presented (Figures 5.1 to 5.3) for the specimehs with 
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defects and for a series of sound welded joints. Two of the four specimens 
tested with a small amount of porosity defect failed -outside of the weld so the 
res ul ts of these two tes ts have been combi ned wi th the data for the 
sound welds. Thus, the data show that the presence of small amounts of 
porosity, approximately equivalent to the AWS Bridge Specification l 
limits, does not greatly reduce the fatigue strength of the weld from 
that of sound welded joints, while the large clusters of porosity and the 
lack of penetration do affect the fatigue strength significantly at the 
longer lives. However, the S-N curves for the joints with defects and 
the sound welds all tend to converge in the shorter life region. The 
results of the tests conducted in this program are compared in Figure 
5.8 with the AASHO 1971 Specification 2 for bridge design. 
Fatigue crack propagation rates have been studied extensively 
for high strength steels while for mild steel weld metal relatively little 
information is available. An attempt was made to use the existing 
relationships developed for high strength steel~ to predict the crack 
propagation rates for the specimens of this investigation with incomplete 
penetration. However, the predictions greatly underestimated the observed 
propagation life of the specimens. Using the observed data, an expression 
- is provided to predict the propagation life of the specimens tested 
in this study. The cri ti ca 1 factor in determi ni ng the rate of the crack 
growth is the range of stress intensity at the tip of the fatigue crack, 
a factor that is a function of the crack size and specimen geometry. 
As a result of this investigation it may be concluded that; 
1. Small defects or amounts of porosity did not 
_ greatly change the fatigue behavior of the 
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connection from that of a sound welded connection. 
2. Large clusters of porosity or lack of penetration 
significantly reduced the fatigue strength of the 
connections at longer lives. 
3. Connections designed in accordance with current 
specifications yielded a large factor of safety 
against failure, for sound welds and long lives. 
However, with severe defects the current specifica-
tions were generally unconservative at both 
short and long lives. The smallest factors of 
safety were found at the shorter lives. 
4. The general expression: 
da n dN = C (LlK) 
is applicable for crack propagation in the tests 
of this investigation, with the values of C, n, 
and LlK depending on the test conditions, and 
initial flaw. 
5, The expression: 
~~ = 0.501 x 10-13 (LlK)5.8 
gives a conservative estimate of the crack pro-
pagation in the connections cycled at high stres~es 
and in a room temperature air environment. 
6. The propagation li'fe of the connections in mild 
steel welds could not be generalized to fit the 
relationships developed for high strength steels. 
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The amount of data obtained fram this investigation was rather 
small and limited in its scope. However, it does provide information 
on the general pattern of behavior of defective welds cyclically loaded. 
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Table 5.1 
FATIGUE TESTING PROGRAM 
Number of Tests at 
Type of Defect Short Life Long Life 
Sound Weld 6 4 
Poros;ty~-AWS Allowable l 2 2 
Porosity Severe 2 3 
Lack of Penetration,..,..,3/16 J1 7 3 
Totals 17 12 
Table 5.2 
sur~~1ARY OF FATIGUE TEST DATA 
Specimen Defect Gross Gross Net Net Stress Life in Location Remarks 
Number Type * Area Stress Area Stress Ratio Thousands of 
Sq. In. Range Sq. In. Range of Cycles Fai lure 
ksi 
Sl-1 S 0.996 33.0 +0.056 5,129.6+ No failure at initial 
stress cycle 
Sl-lA S 0.996 38.0 +0.050 2,274. ]+ No failure 
Sl-1B S 0.996 43.7 +0.044 443.2 Weld metal 
Sl-2 S 0.983 40.0 -0.111 630.8 Wel d metal 
Sl-3 S 1.007 40.0 -0. 111 ]0,953.0+ No failure at initial 
stress cycle 
w 
Sl-3A S 1 .007 46.0 -0.278 566.4 Base mE!tal ..p.. 
Sl-4 S 0.974 46.:0 
-0.278 262.7 Weld metal 
Sl-5 S 0.964 40.0 
-0.111 2,691.8 We 1 d mE!ta1 
LP2-3-1 S 1 .052 46.0 
-0.278 75.1 Edge of 
wel d metal 
-LP2-3-2 S 1 .048 46.0 
-0.278 189.4 Edge of 
weld metal 
LP2-3-3 S 1 .069 46.0 
-0.278 289.0 Weld metal 
LP2-3-4 S 1.057 40.0 
-0.111 275.7 Weld metal 
LP2-3-5 S 1.042 51 .0 
-0.417 51.4 Edge of 
weld metal 
Table 5.2 (Cont.) 
Specimen Defect Gross Gross Net Net Stress Life in Location Remarks 
Number Type* Area Stress Area Stress Ratio Thousands ·of 
Sq. In. -Range Sq. In. Range of Cycles Fai lur€~ 
ksi 
PC4-1 PC 1.055 34.0 +0.056 1 ,485.5 Through defect 
PC4-2 PC 1.062 48.0 +0.056 5,353 .. 8 Through defect 
PC4-3 PC 1.060 56.0 -0.333 392.9 In base metal 
PC4-4 PC 1.049 34.0 -0~556 107.1 In basE~meta1 
PS5-1 PS 1.053 34.0 -0.056 713.3 Through defect 
PS5-2 PS 1 .046 34.0 -0.056 325.5 Through defect 
w 
U1 
PS5-3 PS 1 .068 44.0 -0.222 80.3 Through defect 
PS5-4 PS 1.078 29.0 +0. 195 633.0 Through defect 
PS5-5 PS 1.056 27.0 +0.250 1,024.9 Through defect 
LPl-2-1 LP 1.052 34.0 0.843 42.93 +0.056 133".1 Through defect Used to study crack 
propagation 
LPl-2-2 LP 1.038 20.0 0.783 26.54 +0.445 272.6 Through defect 
LPl-2-3 LP . 1 .032 16.9 O. 79~~ 22.0 +0.531 464.1 Through defect 
LPl-2-4 LP 1.038 34.0 o. 75l~ 46.8 +0.056 157.0 Through defect Used to study crack 
propagation 
Tab 1 e 5. 2 (C oin t. ) 
Specimen Defect Gross Gross Net Net Stness Life in Location Remarks Number Type* Area Stress Area Stress Ratio Thousands of Sq. In. Range Sq. In. Range of Cyel es Failure ksi 
LPl-2-5 LP 1.058 34.0 0.815 44.0 +00i056 90.8 "Through defect Used to study 
crack propagation 
LP2-6-6 LP 1.056 34.0 0.818 43.8 +0.056 50.2 Through defect 
LP2-6-7 LP 1.072 16.0 0.833 20.6 +0.,111 4,500.0+ No failures, 
broken staticaly 
LP2-6-8 LP 1.044 22.0 o. )'16 32. 1 +0 ~ :389 167.0 Through defect 
LP2-6-9 LP 1 .033 14.0 O. T19 31 .7 +0.6"13 5,700.7+ No failure at 
initial str'ess w (J) 
c.ycle 
LP2-6-9A LP 1.033 34.0 0.719 48.8 +0.056 469.9 Through defect 
LP2-6-l0 LP 1.036 15.0 0./06 22.0 +0.584 216.8 Through defect 
* S Denotes sound weld 
PC Denotes porosity at AWS Speeificationl allowable 
PS Denotes severe porosity (see photos of fracture surf~ces--Appendix B) 
LP Denotes lack of penetration (see photos of fracture ~urfaces--Appendix B) 
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Table 5.3 
SU~1MARY OF FATIGUE STRENGTHS OF CONNECTIONS 
(Stress Range) 
Weld Type F 20* 100,000 
ksi· ks i 
Sound 47.5 +3.4 
-3.2 
Severe Poros i ty 42.3 +5.B 
-5. 1 
Lack of Penetration 30.4 +11.0 
-B.1 
* Two standard deviation 
F500 ,000 
ksi 
43.2 
32.0 
20. 1 
20* 
ks i 
+3.1 
-2.9 
+4.4 
-3.B 
+7.3 
-5.3 
F 2,000,000 
ksi 
39.9 
25.2 
14.1 
20* 
ksi 
+2.B 
. -2.7 
+3.4 
-3.0 
+5.1 
... 3.7 
Specimen' 
Number 
LP1 ... 2-1 
LPl-2-4 
LPl-2-5 
Thickness 
0.704 in. 
0.694 in. 
0.704 in. 
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Table 6.1 
SPECIMEN DETAILS 
Defect 
Size 
O. 140 in. 
0.170 in. 
O. 160 in. 
Gross Stress 
Range 
2.0 - 36.0 ksi 
2.0 - 36~0 ksi 
2.0 -36.0 ksi 
I~ 
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Table 6.2 
CRACK PROPAGATION DATA SPECIMEN LP1~2~1 
X-ray Number a N'Total N'Propagation 
LPl-2-1S 0.07 56,000 0 
LPl-2-1T 0.075 58,000 2,000 
LPl-2-1U 0.075 60,000 4,000 
LPl-2-1V 0.085 . 62,000 6,000 
LPl-2-1W 0.085 64,000 8,000 
LPl-2-1X 0.085 66,000 10·,000 
LPl-2-1Y 0.090 68,000 12,000 
LPl-2-1Z 0.090 70,000 14,000 
LPl-2-1A 0.090 75,000 19,000 
LPl-2-1B 0.090 80,000 24,000 
LPl-2-1C 0.095 85,000 29,000 
LPl-2-1D 0.105 ·90,000 34,000 
LPl-2-1F 0.105 101,500 45,500 
LPl-2-1G 0. 115 110,000 54,000 
LPl-2-1H 0.115 115,000 59,000 
LPl-2-LL 0.125 120,000 64,000 
LPl-2-lJ$. 0.160 130,000 74,000 
LPl-2-1L 0.185 131,000 75,000 
LPl-2-1M 0.20 132,100 76,100 
LPl-2-1N 0.23 132,700 76,700 
LPl-2-1P 0.25 133,100 77,100 
Initial a = 0.07 inches (1/2 crack depth) 
N = number of cycles 
No crack growth measured to N = 56,000 
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Table 6.3 
CRACK PROPAGATION DATA SPECIMEN LPl-2-4 
X-ray Number 
LPl-2-4F 
LPl-2-4G 
LPl-2 .... 4H 
LPl-2-4J 
LPl-2-4K 
LPl-2 ... 4L 
LPl-2-4M 
LPl-2-4N 
LPl-2-40 
LPl-2·.·-4P 
LPl-2-4Q 
LPl-2-4R 
LPl-2-4S 
LPl-2-4T 
LP1 ... 2-4U 
a 
0.085 
0.090 
0.090 
0.095 
0.115 
0.12 
0,12 
O. 13 
0.14 
o. 17 
o. 18 
o. 19 
0.205 
Initial a = 0.085 inches 
N = number of cycles 
N 'Tota 1 
95,200 
100,100 
105,000 
110, 000 
115,000 
120,000 
125,200 
130,000 
1~5,000 
140,000 
150,000 
1,52,000 
154,000 
155,500 
157,000 
No crack growth measured to N = 95,200 cycles 
N'Propagation 
o 
4,900 
9,800 
14,800 
19,800 
24,800 
30,000 
34,800 
39,800 
44,800 
54,800 
56,800 
, 58,800 
60,300 
61~800 
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Table 6.4 
CRACK PROPAGATION DATA SPECIMEN LPl-2-5 
X-ray Number a 
LPl-2-5A 0.08 
LPl-2~5B 0.095 
LPl-2-5C 0.160 
LPl-2-5D 0.260 
Initial a = 0.08 inches 
N = number of cycles 
N'Tota1 
50,500 
70,100 
85,300 
90,800 
N'Propagation 
0 
19,600 
34,800 
40,300 
42 
Table 6.5 
COMPARISON OF MEASURED AND CALCULATED 
CRACK PROPAGATION LIVES 
Specimen Initiation 
Number Period, 
Measured, 
Cycl es 
LPl-2-1 56,000 
LPl-2-4 95,200 
LP1~2-5 50,500 
Crack Propagation 
Life, ~1eas ured 
Cycles 
77 ,100 
61,800 
40,300 
Crack Propagation, 
Life, Calculated, 
Cyc 1 es 
94,400 
54,100 
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Direction Perpendicular to the Axis 
of the Weld 
FIG. 3.1 SPECIMEN FOR FATIGUE TEST 
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,..J:::. 
w 
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(a) Porosity Approximately At AWS Specification 
Allowable 
(b) Severe Cluster Of Porosity 
FIG. 3.2 RADIOGRAPHIC EXAMPLES OF POROSITY DEFECTS 
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FIG. 3.5 SEQ'UENCE OF WELD PASSES 
36.3" 
4.0" 11.5" 8.4 11 7.7 11 4.7 11 
PC4-1 PC4-.2 PC4-3 PC4-3 
FIG.3.6 LOCATIONS FOR CUTTING OF TEST SPECIMENS FROM WELDED PLATE NO.4 
..p:. 
co 
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Fatigue 
Specimen 
Polish and Etch Specimen 
FIG.3.7 LOCATION OF SPECIMENS' FOR PARTIAL PENETRATION 
WELDS 
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(a) Bend Specimen 
(After Bending) 
(b) Po lished and Etched Specimen 
FIG. 3.8 SPECIMENS SHOWING THE DEGREE OF LACK OF 
PENETRATION IN FATIGUE TEST SPECIMENS 
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FIG. 3.9 PHOTOGRAPH OF SPECIMEN AS MACHINED AND 
TESTED 
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FIG.4.1 FATIGUE MACHINES 
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FIG. 4.2· PHOTOGRAPH OF DYNAMOMETER AND LOAD INDICATION 
INSTRUMENTS 
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FIG. 4.:3 X-RAY EQUIPMENT FOR CRACK PROPAGATION 
STUDIES 
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FIG. A.6 SPECIMENS FOR EXAMINATIONS OF LACK OF 
PENETRATION 
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FIG. 8.1 ORIENTATION OF FRACTURE SURFACE IN 
PHOTOGRAPHS' OF FIGS. B.2 TO 8.5 
(0) 51-!S 
Stress Range 43.7 
Life-443,200 
(c) SI-3A 
Stress Range 46.0 
Life-566,400 
(e) SI-5 
Stress Range 40.0 
Li fe-2,691,800 
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(b) 81-2 
Stress Range 40.0 
Life-630,800 
(d) SI-4 
Stress Range 46.0 
Life-262
,1 700 
(f) LP2-3-1 
Stress Range 46.0 
Life-75, 100 
FIG. 8.2 FRACTURE SURFACES OF SOUND WELDED JOINTS 
(g) LP2-3-2 
Stress Range 46.0 
Llfe-189,400 
(i) LP 2-3-4 
Stress Range 40.0 
Life ~275,700 
.73 
( h) LP 2 -:3-3 
Stress Range 46.0 
Llf8-289,000 
(j ) LP2-3-5 
Stress Range'51.0 
Life .... 51 ,400 
FIG. B.2 (cont.) FRACTURE SURFACES OF SOUND WELDED JOINTS 
(a) PC 4-1 
Stress Range 34.0 
Life - 1,485,500 
(c) PC 4 -3 
Stress Range 56.0 
Life- 392,900 
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(b) PC 4 .... 2 
Stress Range 48.0 
Life-5,353,800 
(d) PC4-4 
Stress Range 34.0 
Life-I07,·100 
FIG. 8.3 FRACTURE SURFACES OF JOINTS WITH POROSITY 
AWS· ALLOWABLE. 
(a) .PS 5 -I . 
Stress Ronge 34.0. 
Life -713,30.0. 
(c) PS 5 .... 3 
Stress Range 440 
Life -80.,30.0. 
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(e) PS 5-5 
St rass Range 27.0. 
Life-I
,I024,9o.O ~ 
(b) PS5-2. 
Stress Range 34.0.. 
Life - 325,500 
(d) PS 5 ... 4 
Stress Range 29.0. . 
Lifa-633,o.Oo. 
FIG. 8.4 FRACTURE SURFACES OF JOINTS WITH SEVERE 
CLUSTERS OF POROSITY' 
(a) LPI-2-1 
Stress Range 34.0 
Life -133,100 
(c) LPI-2~3 
Stress'Range 16.9 
Life -464,100 
(e) LPI~2-5 
Stress Range 34.0 
Life - 90,800 
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(b) LPI .... 2-2 
Stress Range 20.0 
Life .... 272,600 
(d) LPI-2-4 
Stress Range 34.0 
Life -157,000 
( f) LP 2- 6-6 , 
Stress Range :34.0 
Life - 50,200 
. FIG, 8.5 FRACTURE SURFACES OF·JOINTS WITH LACK 
OF PENETRATION 
(g) LP2-S"'7 
Stress 68.6 
Life.:-·Sfatic . Test 
( i ) LP2-6-9A 
Sf ress Range 34.0 
Life-469,900 
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{h} LP2-6-8 
Stress Range 22.0 
Life -161,000 . 
(1) LP2-S-10 
;Stress Range 15.0 
Life .... 216,aOO 
FIG.B.5 (cont.) FRACTURE SURFACES OF JOINTS WITH LACK. 
OF PENETRATION 
78 
Appendix A--Preliminary Study of Welding Procedures 
To study the effect of only one specific type and amount of defect 
in each specimen it was necessary to develop welding parameters to con-
sistently reproduce the desired defects. However, before the parameters 
for defective welds· could be determined, it was necessary to develop a 
procedure for sound welds and to qualify this procedure. The details of 
the welding procedure are presented in section 3. 
The materials for the preliminary welding studies were the same 
as those used in the fabrication of the fatigue test specimens. 
To examine the effects of the different parameters on weld 
porosity, trial welds were deposited in grooves cut in steel plates approxi-
mately 9-in. x 10-in. and 3/4-in. thick. The grooves were machined to 
half the plate thickness and with a 60° included angle, the same as the V-
groove in the fatigue test specimens. Figure A.l shows the details and 
dimensions of the plates. The sample plates for the study of lack of 
penetration were grooved with a U-groove similar to that to be used in 
the fatigue specimens. Initially, the groove was machined in a solid 
plate. However, to simulate more fully the· actual fatigue specimen groove 
it was necessa~ to cut the plate, to machine the edges and tack weld the 
pieces together before machining the groove, just as for the fabrication 
of the fatigue test specimens (see Figure A.2). 
Before qualifying the basic welding procedure it was necessary 
to select welding parameters that would produce a weld that contained 
no defects. To establish their soundness each of the welds was radiographed 
to determine whether defects were present. Each sample was welded with a 
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root pass and a cover pass. Two types of welding wire, different shielding 
gas mixtures, and various current and voltage settings were used to 
establish a set of parameters that could give radiographically sound welds. 
Qua 1 i fi cati on tes ts were then performed to veri fy the adequacy of the 
procedure selected. Next, having the welding parameters for a qualified 
sound weld, the changes necessary to produce the desired defects were 
established. 
While examining the literatures ,7,s,9 on weld defects and 
welding by the gas-metal arc process, the following definitions of 
porosity and lack of penetration along with their common causes were 
identified. The list of causes indicate changes that might be made in 
the sound welding parameters to produce the desired defects. 
1. Porosity~-the formation of gas bubbles and their entrapment 
in the weld. 
Causes 
1. Excessive current and excessive arc length resulting 
in high consumption of deoxidizing elements when 
using gas shielded metal arc welding, resulting in 
porosity. 
2. Rapid cooling rates produce a uniform and fin~ 
porosity. 
3. Water vapor present in gas shields or on electrodes 
increases possibility and amount of porosity. 
4. Carbon dioxide shielded welds are highly oxidized. 
If the electrodes used are not sUitably deoxidized 
(contain deoxidizing elements) porosity in the welds 
will form. 
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5. Excessively high voltage can cause spatter, undercut, 
and porosity at the edges of the weld. 
6~ Excessively low voltages cause porosity and overlap 
at the edges of the weld. 
7. If joints are not clean it is possible that porosity 
in the weld ~ould develop as a result. 
8. The less oxygen present in the shielding gas the less 
stable the arc, resulting in considerable spatter 
and porosity. 
2. Lack of pen~tration--failure of the materials to fuse integrally at 
the root of the weld. Frequently due to heat 
transfer conditions at the joint. If the arc 
does not cause the root to reach fusion tempera-
ture before some other point in the groove, the 
weld metal will be deposited across the root 
and screen the arc from it. 
Causes 
1 • 
2. 
3. 
4. 
5~ 
6. 
7. 
8. 
Root face dimension too great. 
Root opening tqo sm~ll. 
Included angle ~oo small. 
Use of too large an electrode~ 
High travel speed of weld placement (abnormal). 
Insufficient welding current. 
If the first pass is too slow the molten 
metal can get under the arc screening it 
from the root. 
When using CO 2 shield negative electrodes give less penetratTon than positive electrodes. 
Too high a voltage results in wider weld with 
less penetration. 
The principal parameters that could be varied were the voltage, 
current, gas type, gas flow rate, travel speed and groove details. How-
ever, since it was desirable to be able to reproduce the selected defects 
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consistently, changes in voltage, gas type and gas flow were the most 
likely candidates to produce porosity, and the groove details could be 
altered to produce the lack of penetration. Table A.l lists the varia-
tions that were introduced in the procedure to produce porosity type 
defects, the results of these modifications, and a comparison with the 
requirements of the AWS Specificationsa 1 In some instances, some of 
the more difficult parameters to control were varied; these are presented 
in Table A.l also. The procedure to produce a lack of penetration con-
sisted simply of changing the groove detail from the V-groove to a 
U-groove and of varying the depth of the groove to the dil1)ensions shown 
in Figure 3.2. The welding parameters were kept essentially unchanged 
from those of the sound weld procedure, the only difference being a 
slight change in the current. 
To study the weld paramet~rs two or three grooves were welded 
and then the quality of the weld determined radiographically before 
introducing any other variations in the parameters. If an attempt appeared 
successful (that is, if it produced the desired amount of defect) the 
same procedure was used several times to insure that the same defect could 
be reproduced consistently. In some of the grooves, as can be seen in 
Table A.l, a cover pass was welded over the defective pass to insure that 
it would not burn out the defects present in the initial pass (see 
Figures A.3, A.4 and A.5). 
To determine the depth of penetration obtained in the lack of 
penetration samples, the sample plate was f1rst radiographed to determine 
whether any other defects were present. Then it was cut into bend-test 
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strips and etch specimens as shown in Figure A.6. The width of the lack 
of penetration was then measured at each section to determine the uni-
formity of its dimension across the 9-in. width of plate. The polished 
and etched specimens and the bend strips are similar to those shown in 
Figure 3.8. 
Although the desired amount of defect was obtained in a 
number of sample$, the greatest consistency was obtained with the welding 
procedures that were finally chosen to fabricate the fatigue specimens. 
The procedures selected to produce the flaws desired in the welds are 
presented in section 3. 
One other conclusion that can be drawn from this preliminary 
study of welding procedures is that although it is not difficult to pro-
duce a weld containing small defects which would meet the specification 
requirements, it is very difficult to produce severely defective welds 
without changing something drastically in the welding procedure. 
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Table A."j 
WELDING VARIABLES STUDIED 
Weld Pre- Inter- Gas Gas Travel Osc.* Amps Volts 'AWS** Remarks 
Sample heat pass Mix. Flow Speed Spec. 
No. Temp. Temp. 
of of %A-%O CFH IPM 
WE1 150 150 98-2 50 12 No 325 27 Pass Root Pass 
300 27 Pass No. 2 
WE2 150 150 98-2 50 12 No 300 27 Fail Both Passes 
WE3 150 150 95-5 50 12 No 230 25 Pass Root Pass 
250 28 Pass No. 2 
WE4 150 150 95-5 50 12 No 280 28 Pass Root Pass 
'270 28 Pass No. 2 
WQl 150 150 95-5 50 12 No 280 28 Pass Root Pass 
320 28 Pass No. 2 
310 28 Pass No. 3 
310 28 Pass No. 4 
280 28 Pass No. 5 
280 28 Pass No. 6 
WE5 150 95-5 50 12 No 320 29 511 length 
320 30 511 length 
WE6 150 95-5 '50 12 No 320 27 211 length 
320 26 211 length 
320 25 211 1 ength 
320 24 211 length 
320 23 211 1 ength 
WE7 150 95-5 50 12 No 320 25 Fail One pass 
WE8 150 95-5 50 12 No 320 26 Fail One pass 
WQ2 150 150 95-5 50 12 No 280 28 Pass Root Pass 
320 28 Pass No. 2 
310 28 Pass No. 3 
310 28 Pass No. 4 
280 28 Pass No. 5 
280 28 Pass No. 6 
WQ3, 150 150 95-5 50 12 Yes 320 28 Pass Root Pass 
330 28 Pass No.2 
320 28 Passes 3-6 
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Tab 1 e A. 1 (Cont.) 
Weld Pre- Inter- Gas Gas * AWS Remarks Travel Osc. Amps Volts 
Sample heat pass Mix. Flow Speed Spec.** 
No. Temp. Temp. 
of of %A-%O CFH IPM 
WE9 150 95-5 50 12 No 320 25 Pass One pass 
WE10 150 95 ... 5 50 12 No 320 26 Pass One pass 
WEll 150 95 ... 5 50 12 Yes 330 25 Fail One pass 
WE12 150 95-5 50 12 Yes 330 26 Fail One pass 
WE13 150 95-5 50 12 Yes 330 25 Pass One pass 
WE14 150 95-5 50 12 Yes 330 26 Pass One pass 
WE15 150 95-5 25 12 Yes 330 28 Fail 5" length 
26 5" 1 ength 
WE16 150 95 ... 5 5 12 Yes 330 28 Fail 5" length 
26 511 1 ength 
WE17 150 95 .. 5 15 12 Yes 330 28 Fail 511 length 
26 5" length 
WE18 150 95-5 15 12 Yes 330 28 Fail 5" length 
26 5" 1 ength 
WE19 150 95-5 50 12 Yes 330 28 Pass Rust placed in weld 
WE20 150 95,..5 15 12 Yes 330 28/26 Periodic voltage 
reduction 
·WE21 150 95-5 15 12 Yes 330 28/26 PeriodiG voltage 
reduction 
WE22 150 95 ... 5 50 50 Yes 375 28 Root Pass 
150 95-5 50 12 Yes 330 28 Cover Pass 
WE23 150 98-2 20 12 Yes 300 28/23 Root Pass 
150 98-2 20 12 Yes 330 28 Cover Pass 
WE24 150 ·98-2 20 12 Yes 330 28/23 Root Pass 
150 98-2 50 12 Yes 310 28 Cover Pass 
WE25 150 98.,.2 20 12 Yes 310/350 27 Root Pass 
150 98 ... 2 50 12 Yes 310 28 Cover Pass 
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TableA.l (Cont. ) 
Weld Pre- Inter- Gas Gas Travel * Volts AWS Remarks Osc. Amps 
Sample heat pass Mix. Flow Speed Spec.** 
No. Temp. Temp. 
of of %A-%O CFH rPM 
WE26 150 98-2 50 12 Yes 310-350 28 Root Pass 
150 98-2 50 12 Yes 310 28 Cover Pass 
WE27 150 95-5 50/0 12 Yes 330 28 Root Pass 
150 95-5 50 12 Yes 330 28 Cover Pass 
WE28 150 95-5 50/0 12 Yes 320 28 Root Pass 
150 95-5 50 12 Yes 320 28 Cover Pass 
WE29 150 95-5 50/0 12 Yes 330 28 Root Pass 
150 95-5 50 12 Yes 320 28 Cover Pass 
WE30 150 100A 50 12 Yes 330-350 28,27,25 Root Pass 
150 95-5 50 12 Yes 330 28 Cover Pass 
WE32 150 95-5 50 12 Yes 330 28 Water in groove 
150 95-5 50 12 Yes 330 28 Cover Pass 
WE33 150 95-5 50 12 Yes 330 28 Oi 1 in groove 
150 95-5 50 12 Yes 330 28 Cover Pass 
WE34 150 95-5 50/0 12 Yes 330 28 Pinched hose @ 211 , 
4-1/2", and 711 
150. 95-5 50 12 Yes 330 28 Cover Pass 
WE35 150 100A 50 12 Yes 250 .. 350 28 Root Pass 
150 95-5 50 12 Yes 330 28 Cover Pass 
WE36 150 100A 50 12 Yes 330-350 28 Root Pass 
150 95-5 50 12 Yes 330 28 Cover Pass 
WE37 150 100A 50 12 Yes 400 28 Root Pass 
150 95-5 50 12 Yes 330 28 Cover Pass 
WE38 150 95-5 50 12 Yes 330 25 Root Pass 
150 95-5 50 12 Yes 320 28 Cover Pass 
WE39 150 95-5 50 12 Yes 330 25 Root Pass 
150 95-5 50 12 Yes 320 28 Cover Pass 
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Table A.l (Cant.) 
* Weld Pre- Inter- Gas Gas Travel Osee Amps Volts AWS 
Sample heat pass Mix. Flow Speed Spec.** 
Remarks 
No. Temp. Temp. 
of of %A-%O CFH IPM 
WE40 150 100A 50 12 
12 
Yes 330 25 
Yes 320 28 
Root Pass 
Cover Pass 150 95-5 50 
WE41 150 100A 50 12 
12 
Yes 330 25 
Yes 320 28 
Root Pass 
Cover Pass 
* 
** 
150 95-5 50 
Oscillator refers to whether the oscillator attached to welder as 
described in section 3 was used. 
AWS Spec;fication1--This column indicates whether the weld passes 
the specification requirements or not. 
NOTE: On some of the initial trial welds the groove was welded as machined. 
However, after noticing a line of incomplete penetration the groove 
. was back-ground to better duplicate the condition of a back-ground first 
pass. It was necessary to place the defect in the second pass so it 
would be approximately at midthickness of the specimen and would not 
be ground out as the first pass was background. 
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Appendix B--Fracture Surfaces 
All fatigue fractures were photographed in the direction shown in 
Figure B.l. The photographs in Figures B.2 to B.5 show the fracture surfaces, 
the stress at which the specimens were tested and the fatigue life. Further 
details of the tests are presented in Table 5.2. Specimens Sl-1, Sl-3, and 
LP2-6-9 did not fail at the original stress cycle. However, the stress 
was increased on these specimens and the test continued to failure. The 
fracture of these specimens are shown in Figures B.2(a), B.2{c) and B.5(i) 
respectively and the stress cycle and life shown are those used in the 
last portion of the testing. Specimen Sl-3A in Figure B.2{c) broke in the 
base metal, as did specimens PC4-3 and PC4-4 shown in Figures B.3(c) and 
(d). Figure B. 5(9) shows the fracture surface of specimen LP2-6-7 which 
was broken statically; it had not failed in the fatigue tests. These 
photographs clearly show the location and appearance of the defects in each 
of the specimens. 
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